Enterocytes are responsible for the absorption of dietary lipids, which involves TRL [TG (triacylglycerol)-rich lipoprotein] assembly and secretion. In the present study, we analysed the effect on TRL secretion of Caco-2 enterocyte adaptation to a differential glucose supply. We showed that TG secretion in cells adapted to a low glucose supply for 2 weeks after confluence was double that of control cells maintained in high-glucose-containing medium, whereas the level of TG synthesis remained similar in both conditions. This increased secretion resulted mainly from an enlargement of the mean size of the secreted TRL. The increased TG availability for TRL assembly and secretion was not due to an increase in the MTP (microsomal TG transfer protein) activity that is required for lipid droplet biogenesis in the ER (endoplasmic reticulum) lumen, or to the channelling of absorbed fatty acids towards the monoacylglycerol pathway for TG synthesis. Interestingly, by electron microscopy and subcellular fractionation studies, we observed, in the low glucose condition, an increase in the TG content available for lipoprotein assembly in the ER lumen, with the cytosolic/microsomal TG levels being verapamil-sensitive. Overall, we demonstrate that Caco-2 enterocytes modulate TRL secretion through TG partitioning between the cytosol and the ER lumen according to the glucose supply. Our model will help in identifying the proteins involved in the control of the balance between TRL assembly and cytosolic lipid storage. This mechanism may be a way for enterocytes to regulate TRL secretion after a meal, and thus impact on our understanding of post-prandial hypertriglyceridaemia.
INTRODUCTION
Enterocytes are polarized absorptive cells responsible for the transepithelial transfer of nutrients from the luminal side of the intestine to the bloodstream. During a meal, the different nutrients are assimilated simultaneously and then processed through their own metabolic pathway, while modulating the metabolic pathways of other nutrients (for a review, see [1] ). Whereas monosaccharides are transferred from the luminal to the basolateral pole of the enterocyte, fatty acids are processed in a complex way by synthesis of TG (triacylglycerol) and its assembly into TRLs (TG-rich lipoproteins), which are finally secreted at the basolateral pole [2] . A cross-talk between lipid and glucose metabolism has been reported for numerous tissues, especially adipose tissue and liver (for reviews, see [3, 4] ). In these tissues, glucose and lipid metabolism are tightly linked at the level of glycerol-3-phosphate, from which TG synthesis is initiated from the glycerol backbone provided through glycolysis [5, 6] . In the small intestine, TG synthesis mainly occurs through the same glycerol-3-phosphate pathway during the inter-prandial period [2] . In contrast, during the post-prandial period, up to 80 % of TGs are newly synthesized through the MG (monoacylglycerol) pathway using as substrates the large amounts of 2-MG and fatty acids released by the digestion of dietary lipids in the duodenal lumen [7, 8] . TGs are then assembled and secreted as chylomicrons, the intestinal form of TRL. TRL consists of a core of neutral lipids surrounded by a monolayer of amphipathic lipids and apolipoproteins. ApoB (apolipoprotein B) plays a major role in TRL assembly and is required for their secretion [9] . TRL assembly has mostly been characterized in hepatocytes as a twostep process, consisting of the formation of a lipid-poor ApoB particle followed by its fusion with an independently formed TG-rich ApoB-free lipid droplet. MTP (microsomal TG transfer protein) is necessary for this process (for reviews, see [10] [11] [12] ).
We have previously shown in Caco-2 enterocytes that an apical supply of complex lipid micelles, whose composition is close to that of the content of the human duodenal lumen after a lipid-rich meal, induces a chase of apically expressed ApoB [13] and the secretion of TRL [14] . Although fatty acid supply and ApoB availability were not limiting for TRL secretion, an accumulation of large cytosolic lipid droplets was observed in these cells [14] . These results led us to suggest that the targeting of de novo synthesized TG towards the lumen of the ER (endoplasmic reticulum) represents a key step in TRL secretion. In vivo, a transient accumulation of cytosolic lipid droplets in enterocytes is observed during the post-prandial period [15] [16] [17] [18] , which may result from an overflow in the capacity of the ER to release lipid droplets into its lumen. However, the molecular mechanisms governing TG partitioning between entry into the secretory pathway and storage as cytosolic droplets are still poorly understood [19, 20] .
In liver, it is well documented that glycolytic and lipogenic gene expression is modulated by a high-carbohydrate diet (reviewed in [3, 4] ). In intestine, adaptation to a high-carbohydrate diet was shown to increase the secretion of intestinal TRL [21] .
The purpose of the present study was to analyse TRL assembly and secretion by Caco-2 enterocytes when adapted to differential glucose supply. We compared Caco-2 cells cultured in highglucose-containing medium (25 mM in the apical and basal compartments) with Caco-2 cells adapted to a lower glucose concentration (i.e. 5 mM in the basal compartment and no apical glucose supply). By biochemical and microscopy analyses, we demonstrate that Caco-2 cells adapted to a low glucose concentration secrete more TRLs than cells cultured at a high glucose concentration, and that this results from an increase in the TG available for lipoprotein assembly in the ER lumen.
MATERIALS AND METHODS

Materials
Cell culture reagents were obtained from Invitrogen (CergyPontoise, France) and FCS (foetal calf serum) from AbCys Biowest (Paris, France Verapamil (Isoptine ® ) was obtained from Abbott France (Rungis, France). Desqualenized shark liver oil containing a high proportion of glyceryl ethers [22, 23] was kindly provided by Professor A. Legrand (Rennes University, Rennes, France). The rabbit antibody against MTP/PDI (protein disulphide-isomerase) was generously provided by Dr C. Shoulders (Hammersmith Hospital, London, U.K.).
Preparation of lipid micelles
Stock solutions (100 mM) of OA, LPC (L-α-lysophosphatidylcholine), BA (batyl alcohol; 1-O-octadecyl-rac-glycerol) and 2-MO (2-mono-oleoylglycerol), and of 25 mM cholesterol (all from Sigma-Aldrich, Saint-Quentin Fallavier, France) were prepared in chloroform/methanol (2:1, v/v). To prepare 1 ml of lipid micelles, OA (6 µl) was mixed with other lipids (2 µl) as stated, in a sterile glass tube. The mixture was dried under a stream of nitrogen gas, the residue dissolved in 83 µl of a sterile solution of 24 mM sodium taurocholate in serum-free medium and the volume brought up to 1 ml with serum-free medium. The final lipid micelle preparation therefore consisted of serum-free medium containing sodium taurocholate (2 mM), OA (0.6 mM), LPC (0.2 mM) and cholesterol (0.05 mM) with or without 2-MO (0.2 mM) or BA (0.2 mM). For analysis of the newly synthesized lipids, we added [1- 14 C]OA (1 µCi per ml of final medium) to lipids before evaporation under nitrogen and the completion of micelle preparation.
Cell culture and incubations
Caco-2 cells (between passages 42 and 55) were plated in inserts at a density of 95 × 10 3 cells/cm 2 and grown until confluence in DMEM (Dulbecco's modified Eagle's medium) containing 25 mM glucose and Glutamax, supplemented with penicillin (100 i.u./ml) and streptomycin (100 µg/ml), 1 % non-essential amino acids and 20 % (v/v) heat-inactivated FCS. Cells were then cultured for 2 weeks in media containing FCS only in the lower compartment and in the presence of various concentrations of glucose. For the high glucose concentration condition (referred to as 25 mM/25 mM), cells were cultured with 25 mM glucose medium in both compartments, whereas for the low glucose concentration condition (referred to as 0 mM/5 mM), cells were cultured with 5 mM glucose in the lower compartment and no glucose in the upper compartment. The glucose concentration in media was adjusted by adding appropriate amounts of a sterile 2.5 M glucose solution to DMEM devoid of glucose. Media were changed every day. For incubations with lipid micelles, fresh complete medium (2.5 ml for 4.2 cm 2 inserts and 12 ml for 44.1 cm 2 inserts) was added to the lower compartment and lipid micelles (1.5 ml for 4.2 cm 2 inserts and 8 ml for 44.1 cm 2 inserts) were added to the upper compartment for the times indicated.
[ 35 S]Cys/Met labelling experiments were performed as described previously [14] . When used, verapamil (25 µM) was added in both compartments.
Recovery of cellular material
After incubations, media were immediately collected and processed for Western blotting, lipoprotein fractionation or lipid extraction as described below. Cell layers were briefly rinsed twice with ice-cold PBS (Invitrogen), scraped into 0.5 ml of lysis buffer (1 % Triton X-100 and 5 mM EDTA in PBS) supplemented with 2 % (v/v) protease inhibitor cocktail (P8340; Sigma-Aldrich), and immediately frozen and kept at − 20
• C until analysis.
Subcellular fractionation
Caco-2 cells collected from three 44.1 cm 2 inserts were scraped into 25 mM Tris/HCl (pH 7.4) containing 100 mM KCl, 1 mM EDTA, 5 mM EGTA and a protease inhibitor cocktail (one tablet per 25 ml of buffer; Roche, Meylan, France), and lysed using a cell disruption bomb (Parr Instrument Company, Moline, IL, U.S.A.) at 8280 kPa twice for 10 min. Cell lysates were adjusted to 0.25 M sucrose, and centrifuged for 10 min at 800 g and then for 10 min at 9000 g at 4
• C to remove cell debris and large granules. The supernatant was put aside and the pellet was resuspended in buffer containing 0.25 M sucrose and centrifuged for 10 min at 9000 g. The two supernatants were pooled and the concentration of KCl was adjusted to 0.5 M in order to release any cytosolic TG associated with the membranes, as previously described [24] . After recovery of cytosolic TG by centrifugation (150 000 g for 2 h at 4
• C) in a Beckman SW41 rotor through a discontinuous sucrose gradient ranging from 0.25 to 0 M [25] , the microsomal pellet was washed with PBS and resuspended in 10 mM Tris/HCl (pH 7.4) containing 0.25 M sucrose and protease inhibitors. The protein concentration was measured using the Bio-Rad DC (detergent compatible) protein assay with BSA as the standard. The luminal content of whole microsomes (100 µg of proteins) was released by treatment with 0.1 M sodium carbonate (pH 11) for 1 h 30 min on ice [24] and separated from membranes by centrifugation through buffer (150 000 g for 1 h 30 min at 4
• C). Lipids were extracted from the different recovered fractions and were analysed as described below in the Lipid analysis section.
Western blotting
Cell lysates were sonicated and the protein concentration was determined using the Bio-Rad DC protein assay with BSA as the standard. Cell lysates (4 µg of protein) were fractionated by SDS/ 7.5 % PAGE and proteins were transferred to a nitrocellulose membrane. After an overnight incubation at 4
• C in TBS-T (20 mM Tris/HCl, pH 7.6, 137 mM NaCl and 0.1 % Tween 20) supplemented with 10 % (w/v) non-fat milk powder, blots were probed with a rabbit antibody against MTP/PDI (1:1000 dilution for 1 h in TBS-T containing 5 % milk powder) followed by a peroxidase-conjugated goat anti-rabbit antibody (Vector Laboratories, Burlingame, CA, U.S.A.; 1:6000 dilution for 1 h in the same buffer). Blots were developed with enhanced chemiluminescence (ECL ® ) reagents according to the manufacturer's instructions (Amersham Biosciences, Orsay, France).
MTP activity assay
MTP activity was measured using an MTP assay kit (Roar Biomedical, New York, NY, U.S.A.) as previously described [26] except that the assay was performed with 400 µg of protein at 37
• C and that fluorescence was measured (485 nm excitation wavelength and 538 nm emission wavelength) at 37 
Lipoprotein analysis
The lipoproteins secreted by Caco-2 cells in the basolateral media were fractionated according to their density by sequential ultracentrifugation and analysed for ApoB and lipids as previously described [14] .
Lipid analysis
Lipids from cell culture media (1 ml supplemented with 10 µl of 10× lysis buffer), sonicated cell lysates (0.1 ml, made up to 1 ml with serum-free medium), and cytosolic, microsomal and lipoprotein fractions were extracted with chloroform/methanol (2:1, v/v). Lipid classes were separated by TLC using hexane/diethyl ether/acetic acid (80:20:2, by vol.) as the mobile phase, as described previously [14] . Lipids were visualized with I 2 vapour. The incorporation of [1- 14 C]OA into lipids was measured by liquidscintillation counting of excised radioactive bands revealed by autoradiography of the TLC plates. The amount of [1- 14 C]OA incorporated into DGEs (diacylglyceryl ethers) compared with that incorporated into DGE and TG gave an indication of the contribution of the MGAT (MG acyltransferase) pathway to total glycerolipid synthesis by Caco-2 cells.
For quantification of the TG mass, the TG bands were excised and extracted with chloroform/methanol. After solvent evaporation, TGs were quantified using the PAP150 TG kit (Biomérieux, Marcy l'Etoile, France) according to the manufacturer's instructions with the following modifications: the dried TGs were sonicated in 0.5 ml of the buffer provided before the addition of 0.5 ml of the 2-fold concentrated kit reagent, and the absorbance was measured after an incubation of 2 h 30 min at 37
• C.
RNA extraction and real-time PCR analysis
Total RNA was prepared using the TRI Reagent kit according to the manufacturer's instructions (Euromedex, Souffelweyersheim, France). cDNA was synthesized from 2 µg of total RNA in a 40 µl solution containing 1 mM dithiothreitol, 40 units of RNaseOut TM , 0.5 mM dNTP, 400 units of MMLV (Moloney-murine-leukaemia virus) superscript reverse transcriptase and 10 µM random hexamers [pd(N)6]. mRNA was quantified using Light-Cycler apparatus according to the manufacturer's instructions (Roche Diagnostics, Meylan, France). PCR was done with a 1:1000 final dilution of the cDNA preparation in the SYBR Green I master mix with 0.4 µM specific primers except for MGAT2 primers (0.6 µM). The sequences of the primers and the PCR conditions are detailed elsewhere for L19, glucose-6-phosphatase and Lpyruvate kinase [27] , for GLUT2 [28] and for MTP [26] . The sequences of the primers used for MGAT2 were GACCCCTC-TCGGAACTACATTG (forward primer) and CGGAACCACA-AGGTCAGCAT (reverse primer), and PCR conditions were as follows: one denaturation step (8 min, 95
• C) followed by 40 cycles of 10 s at 95
• C, 10 s at 58
• C, and 10 s at 72 • C. Amplified DNA from serial dilutions of Caco-2 cDNA was used to make standard curves and acquire quantitative data with the Light-Cycler software. Quantification of L19 mRNA coding for a ribosomal protein was used as a control for RNA extraction and reverse-transcription experiments. Results were expressed as the ratio between the levels of the mRNA of interest and of L19 mRNA.
Confocal fluorescence microscopy
Cells were washed twice with PBS containing 1 mM CaCl 2 and 0.5 mM MgCl 2 , and fixed for 30 min with 4 % (w/v) paraformaldehyde in PBS. After washing in PBS, cells were stained for neutral lipids by incubation for 10 min with BODIPY 493/503 (10 µg/ml; Invitrogen). Cells were then mounted in Fluoprep (BioMérieux) and examined by confocal fluorescence microscopy (LSM 510 microscope; Carl Zeiss, Jena, Germany).
Electron microscopy
Cells were processed for electron microscopy and stained for neutral lipids using the imidazole-buffered osmium tetroxide procedure as previously described [14] . For glycogen staining, ultrathin sections were stained for 30 min with 1 % periodic acid in distilled water, for 4 h with 0.2 % thiosemicarbazide in 20 % (v/v) acetic acid, and finally incubated for 30 min in 1 % silver proteinate in darkness [29] . Grids were examined with a Jeol 100 CX-II electron microscope.
Statistical analysis
Results were expressed as means + − S.E.M. and statistically significant differences were identified by the Student's t test for paired data, carried out with GraphPad Prism software.
RESULTS
Effects of adaptation to a differential glucose supply on the content, synthesis and secretion of lipids by Caco-2 cells
Analyses were performed on cells cultured in a medium containing 25 mM glucose in both compartments (25 mM/25 mM glucose) until confluence to allow optimal cell growth, and then either maintained in the same medium or switched to a lowglucose-containing medium (0 mM/5 mM glucose) for 2 weeks. We had previously determined that a 2-week culture post-confluence was optimal for secretion of TRL in the 25 mM/25 mM glucose conditions [14] . When observed by electron microscopy, Caco-2 cells frequently have an electron-lucent material with an irregular outline at the apical pole [14, 30] . This material was shown to be glycogen after staining by the periodic acid/thiosemicarbazide/silver proteinate procedure ( Figure 1A , left panel). In the 0 mM/5 mM glucose culture condition, Caco-2 cells contained much less glycogen ( Figure 1A , right panel), indicating that Caco-2 cells adapted to the glucose concentration of the culture medium. We also analysed the expression of GLUT2, glucose-6-phosphatase and L-pyruvate kinase genes, which are known to depend both on the differentiation state of the cells [31, 32] and on variations of the consumption and intracellular flux of glucose [27, 28] . Results reported in Figure 1(B) show that GLUT2, glucose-6-phosphatase and L-pyruvate kinase mRNA levels increased after confluence, as already reported [31] , and that these levels were similar in both glucose conditions.
As glucose can be used for fatty acid synthesis [1] and as some Caco-2 cells cultured in 25 mM/25 mM glucose for 2 weeks postconfluence contain cytosolic lipid droplets localized at the basal pole of the cell [14] , we compared the TG content of the cells cultured in both glucose conditions. Although a heterogeneous neutral lipid staining was observed from cell to cell (Figure 2A , left panel), the overall TG content of cells was similar in both conditions ( Figure 2B ).
After a 24 h apical supply of complex lipid micelles, each cell contained large cytosolic lipid droplets and the cellular TG content reached a similar value whether cells were cultured in 25 mM/25 mM or 0 mM/5 mM glucose condition (Figures 2A, right panel, and 2B).
Although no difference in cellular TG accumulation was observed, a possible effect on lipid synthesis and secretion was assessed in cells incubated with complex micelles containing [1-14 C]OA for 24 h. Lipids extracted from cell lysates and media were separated into classes by TLC and the radioactivity in the resultant spots was counted. As shown in Figure 3(A) , the total amount of OA incorporated into cells and the cellular distribution of labelled OA in different lipid classes were similar in both conditions. However, in the 0 mM/5 mM glucose condition, we observed a significant increase in the secretion of phospholipid and TG [ Figure 3A , 1.5 + − 0.1-fold (P < 0.01) for phospholipid and 2.1 + − 0.2-fold (P < 0.01) for TG]. This increase was detectable as early as 6 h after micelle supply ( Figure 3B , media) and was not associated with an increased TG synthesis rate ( Figure 3B, cells) .
Overall, the 2-fold increase in the secretion of labelled TG in the 0 mM/5 mM glucose condition is unlikely to result from a higher TG specific radioactivity obtained by dilution with smaller preexisting unlabelled intracellular TG pools, since cell TG content was similar in both conditions ( Figure 2B ). Therefore it is likely that the increased secretion of labelled TG mirrors a genuine increase in the amount of TG secreted.
Effects of adaptation to a differential glucose supply on the distribution of lipids and ApoB in lipoprotein classes secreted by Caco-2 cells
An increased secretion of lipids can result from the secretion of an increased number and/or of an increased mean size of secreted lipoproteins. The number of lipoprotein particles can be estimated by quantifying ApoB, since ApoB, in contrast with other apolipoproteins, is non-exchangeable and since TRLs contain only one molecule of ApoB per particle [33] . We isolated the lipoproteins secreted by Caco-2 cells adapted to the 0 mM/5 mM or the 25 mM/25 mM glucose condition, and analysed their lipid and ApoB48 and ApoB100 content. As shown in Table 1 , in the 0 mM/ 5 mM glucose condition, total ApoB100 and ApoB48 content of secreted lipoproteins tended to increase (1.4 + − 0.2-and 1.3 + − 0.1-fold respectively), and the total content in TG increased up to 2.1 + − 0.2-fold. A greater increase of TG than of ApoB was also observed for each lipoprotein fraction analysed. Overall, these results indicate that the increased TG secretion by cells adapted to low glucose is mainly due to an increased size of the lipoproteins secreted and, to a smaller extent, to an increase of the number of secreted particles.
Effect of adaptation to a differential glucose supply on TG availability for lipoprotein assembly and secretion
Due to a low MGAT activity, Caco-2 cells are thought to synthesize TG through the GPAT (glycerolphosphate acyltransferase) pathway [34] , in contrast with enterocytes in vivo that make use of the MGAT pathway from MG and fatty acids brought as post-digestive micelles [7, 8] . We wondered whether longterm adaptation to low glucose condition led Caco-2 cells to develop MGAT activity to overcome a reduced availability of glycerol-3-phosphate. Furthermore, it is unknown whether the pathway used for TG synthesis contributes to their availability for lipoprotein assembly. To discriminate between the glycerol-3-phosphate pathway and the 2-MG pathway, we measured TG synthesis using BA, a stable ether analogue of 2-MG; the resulting TG analogue, a DGE, migrates at a higher Rf (retention factor) than TG [22] . After incubating Caco-2 cells for 24 h with micelles containing [1- 14 C]OA and BA as a 2-MG backbone donor, a band corresponding to DGE was visualized on TLC plates, confirming the expression of a MGAT activity ( Figure 4A ). As shown in Figure 4 (B), although DGE synthesis was similar in both conditions, DGE secretion increased almost 2-fold in the 0 mM/5 mM glucose condition. Nevertheless, the MGAT pathway contributed to TG synthesis to a minor extent (2.9 + − 0.5 %, Figure 4C ) that was similar in both culture conditions. These results were further confirmed by measuring the level of MGAT2 mRNA by real-time PCR ( Figure 4D ). Although the MGAT2 mRNA level
Table 1 Quantification of TGs, ApoB100 and ApoB48 in lipoprotein fractions
Caco-2 cells were grown in medium containing 25 mM glucose in both compartments until confluence and maintained for 2 weeks more in the same condition (25 mM/25 mM) or switched to media containing 0 and 5 mM glucose in the apical and basal compartment respectively (0 mM/5 mM). On the last day of culture, cells were incubated for 24 h in the presence of complex micelles containing either [1- 14 C]OA (1 µCi/ml), for TG analysis, or [ 35 S]methionine/cysteine (100 µCi/ml), for ApoB analysis. Basolateral media were fractionated by sequential ultracentrifugation and lipoprotein fractions were recovered. For TG analysis, lipids were extracted from lipoprotein fractions, separated by TLC and radioactive spots were counted. For ApoB analysis, lipoprotein fractions were analysed by SDS/6 % PAGE and placed against phosphor screens for quantification of the individual bands corresponding to ApoB100 and ApoB48. The total secretion of TG, ApoB100 and ApoB48 by cells cultured in 25 mM/25 mM glucose was arbitrarily set to 100. Results shown are the means + − S.E.M. for three independent experiments and are expressed in terms of arbitrary units. d, density; VLDL, very-low-density lipoprotein. * Indicates significant differences (P < 0.05) from the values for Caco-2 cells cultured in 25 mM/25 mM glucose condition. increased with time post-confluence in culture, it remained far below the level observed in jejunum and was not modified by adaptation to differential glucose supply. Additionally, incubation with complex micelles had no effect on MGAT2 mRNA level. Overall, our results indicate that the MGAT pathway was not stimulated in low-glucose culture conditions and did not account for the increased TG secretion observed.
MTP is considered to play an important role in the transfer of TG to nascent ApoB, in the formation and stabilization of lipid droplets in the lumen of the ER and in lipoprotein assembly [35] [36] [37] . We thus examined the expression and activity of MTP in cells adapted to each glucose condition ( Figure 5) . The MTP mRNA level was similar in cells cultured for 2 weeks post-confluence in 25 mM/25 mM or 0 mM/5 mM glucose condition, although it was almost 3-fold higher than at 2 days post-confluence ( Figure 5A ) when cells were not yet able to secrete TG in response to lipid supply [14] . Additionally, incubation with complex micelles for the last 24 h of culture did not modify the MTP mRNA level ( Figure 5A ). Accordingly, while MTP protein expression ( Figure 5B ) and MTP activity ( Figure 5C ) significantly increased between day 2 and 14 post-confluence, they were similar in both glucose conditions and were not modified by a micelle supply during the last 24 h of culture.
Effect of adaptation to a differential glucose supply on the intracellular distribution of TGs in Caco-2 cells
To identify further the cellular events responsible for the increased TG secretion in low-glucose-adapted Caco-2 cells, we studied the intracellular distribution of TGs. In Caco-2 cells, TGs accumulate in the cytosol as lipid droplets and in the lumen of the secretory compartment [14] , where they are assembled into lipoproteins. In order to compare the capacity of cells cultured in both conditions to direct lipid droplets towards the ER lumen, cells were incubated with lipid micelles for 2 h, then stained for lipids, and examined by electron microscopy ( Figure 6A ). Cells adapted to low glucose exhibited the morphology of fully differentiated enterocytes and had more lipid droplets within the ER and the Golgi apparatus than cells maintained in 25 mM glucose. This increase was further demonstrated by quantification of the amount of TG in microsomes and ER lumen in both conditions, after a 3 h incubation of Caco-2 cells with lipid micelles containing labelled OA. Intact microsomes contained more TG (2.4 + − 0.3-fold) when isolated from cells adapted to the 0 mM/5 mM glucose condition than from cells maintained in the 25 mM/25 mM glucose condition, while the phospholipid content was similar (Figures 6B  and 6C) . The cytosolic/microsomal TG levels were reduced in the low glucose condition (104 + − 8.6 and 38 + − 16.1 for the 25 mM/25 mM and 0 mM/5 mM glucose condition respectively), while the cytosolic/microsomal phospholipid levels remained similar (0.52 + − 0.17 and 0.55 + − 0.1 respectively). These results, combined with those showing that the total cellular TG content was similar in both glucose conditions (Figures 2 and 3) , suggest a redistribution of TG from the cytosol to microsomes. Furthermore, the amount of luminal TG increased more (3.5 + − 0.4-fold) than the membrane-associated TG (2.1 + − 0.2-fold). Thus results suggest that Caco-2 cells that have been adapted for 2 weeks to 0 mM/5 mM glucose condition are able to direct more TG to the ER lumen where it is available for TRL assembly and secretion.
Effect of verapamil on intracellular distribution of TG in Caco-2 cells adapted to a differential glucose supply
As reported by Higashi et al. [38] in a hepatoma cell line, TG transfer into the microsomal fraction can be inhibited by verapamil without affecting MTP activity, suggesting a verapamil-sensitive mechanism for TG transfer across ER membranes. Since MTP was not involved in the increase of the microsomal lipid content induced by low glucose, we tested whether this increase could be inhibited by verapamil. For that means, cells cultured in the 25 mM/25 mM or 0 mM/5 mM glucose condition for 2 weeks post-confluence were treated for 3 h in the presence of lipid micelles with or without 25 µM verapamil, a concentration that we found to cause a 50 % reduction of TG secretion after a 24 h treatment, as already reported in Caco-2 cells by Field et al. [39] . In both glucose conditions, verapamil treatment resulted in a slight increase of the TG content in microsomes and a strong increase of TG content in the cytosolic fraction (Figure 7) . The TG increase in the cytosolic fraction was clearly higher for cells cultured in the low glucose condition as compared with cells cultured in 25 mM/25 mM glucose. Overall, verapamil treatment reduced the relative amounts of TG present in the ER, particularly in cells cultured in the low glucose condition.
DISCUSSION
In the present paper, we show that TG secretion is modulated when Caco-2 enterocytes adapt to a differential glucose supply. Adaptation of Caco-2 cells to low glucose (0 and 5 mM glucose in the apical and basal compartments respectively) for 2 weeks postconfluence resulted in the doubling of TG secretion induced by the supply of complex lipid micelles compared with cells cultured in 25 mM glucose at both poles. Our results show that the increased TG secretion by cells adapted to low glucose is mainly due to an increased size of the lipoproteins secreted and, to a smaller extent, to an increase in the number of secreted particles. We further demonstrate that this increased availability of TG for assembly and secretion in TG-enriched lipoproteins is not due to an increase in TG synthesis nor to an increase in MTP activity. Rather, we show that the partitioning of TG between cytosolic droplets and the ER lumen differs according to differential glucose supply, and that this could account for the greater TG secretion in the low glucose condition. This mechanism differs from that reported for decreases in TG secretion induced by taxifolin [40] and niacin [41] in hepatic cells (HepG2), consisting of a parallel decrease in lipid synthesis and secretion. It rather resembles the verapamil-sensitive mechanism proposed by Higashi et al. [38] to regulate TG transfer across ER membrane. Our results are in accordance with their results which showed, in a human hepatoma cell line, that verapamil inhibited the transfer of TG across ER membranes, without affecting MTP activity. Moreover, we report that verapamil treatment strongly reduced the relative amount of TG present in the ER in cells cultured in low glucose condition.
It has been shown in many cell types, including muscle cells, pancreatic β cells, hepatocytes [42] and intestinal epithelial cells [43] , that the balance between fatty acid esterification and β-oxidation can be controlled by glucose. In the presence of high concentrations of glucose and fatty acids, fatty acids are directed towards esterification rather than β-oxidation. However, this is unlikely to have occurred in our experiments since fatty acid esterification remained constant in both conditions. Although we observed the accumulation of less glycogen in Caco-2 cells adapted to low glucose, the increased TRL secretion, a high energy-consuming process, and the fully differentiated enterocyte cell morphology demonstrate that the energy supply was sufficient to ensure the differentiation process in cells adapted to low glucose after confluence. This is consistent with the already reported sharp decrease in glucose consumption in Caco-2 cells at confluence [31, 44] and with the results reported here, which show that the mRNA levels of three glucose-responsive genes reached similar values in both glucose supply conditions. Overall, our results suggest that culture for 2 weeks post-confluence in 0 mM/5 mM glucose favours the absorptive phenotype of Caco-2 enterocytes, and provides a more suitable environment for physiological studies.
Our results indicate that the targeting of de novo synthesized TG towards the ER lumen may represent a key step in chylomicron secretion. In vivo, a transient accumulation of cytosolic lipid droplets is observed in enterocytes during the post-prandial period [15] [16] [17] [18] and may result from a transitory overflow in the capacity for chylomicron assembly.
The molecular mechanisms governing TG partitioning between the cytosol and the ER lumen, and the formation of lipid droplets in the lumen of the ER, are still poorly understood. It has been known for a long time that the enzymes necessary for lipid synthesis are intrinsic membrane proteins present in the ER membrane (for reviews, see [5, 6] ). However, although a critical issue, the fact of whether the catalytic sites of the enzymes face the cytosol or the lumen of the ER remains elusive. In hepatocytes, several lines of evidence suggested that TG synthesis occurs on both sides of the ER membrane [45, 46] . TGs are not permeant whereas diacylglycerol, an intermediary product of TG synthesis, is able to rapidly migrate across a membrane bilayer [47] . Based on the inverted topologies of the two forms of acyl-CoA:cholesterol acyltransferase at the ER membrane [48] , it has been proposed that luminal forms of DGAT (diacylglycerol acyltransferase) [49] could be specifically involved in the synthesis of TG for lipoprotein assembly in the ER lumen. However, it is as yet unknown whether DGAT1 is involved in TG partitioning in the cell [50, 51] .
An alternative model proposes that synthesized TG would first accumulate between the two phospholipid leaflets of the ER membrane [19, 20, 52] . After reaching a critical size, the lipid droplet would bud off the cytosolic or the luminal side of the ER membrane. The proteins that regulate the inward and outward budding of the growing lipid droplet remain to be determined.
In any case, MTP is required for TG assembly into TRL in the lumen of the secretory pathway [35] [36] [37] . In a fructose-fed Syrian golden hamster model, the overproduction of intestinal lipoproteins was found to correlate with an increase in intestinal MTP protein and activity [21] . Accordingly, in Caco-2 cells, the inhibition of MTP activity results in a reduction in lipid and TRL secretion [53, 54] , but it is unknown whether increased MTP expression results in an enhanced production of TRL in Caco-2 cells, as reported for hepatic cells [55] . Such a mechanism cannot account for the increased TRL secretion we observed, since we found similar levels of MTP mRNA, protein and activity in our two culture conditions. Consequently, MTP appears not to be ratelimiting for the formation of the TG droplet inside the ER and for the assembly and secretion of TRL in our conditions. Therefore the differential TRL production we observed most probably depends on factors acting upstream of MTP in this pathway, at the stage of TG partitioning between the cytosol and ER lumen as discussed above.
The physiological significance of the presence of two pathways for TG synthesis in the intestine is not known. Does the balance between these two pathways determine the targeting of the newly synthesized TG towards cytosolic storage or lipoprotein secretion? In Caco-2 cells cultured in 25 mM glucose, the MGAT activity is low [34] . We wondered whether a lower glucose supply might decrease the production of glycerol-3-phosphate, the precursor of the GPAT pathway, and consequently turn on the MGAT pathway for TG synthesis, which should decrease cell dependency on glucose for TG synthesis. Although we showed that the MGAT2 mRNA level increased with time post-confluence, as does the TG secretion capacity [14] , it did not vary significantly between the two glucose culture conditions; neither did the contribution of the MGAT pathway to TG synthesis, as measured using the 2-MG analogue BA, vary.
Interestingly, the increased secretion of TRL in cells adapted to low glucose was only correlated with an increase in the ER luminal TG content, as observed by electron microscopy and confirmed by TG quantification in the lumen of microsomes. Neither the TG synthesis rate nor ApoB production nor MTP transfer activity was responsible for this different TRL secretion by Caco-2 cells adapted to differential glucose supply. Therefore the target of this modulation appears to be the TG compartmentalization between the cytoplasm and the ER lumen. Candidate protein(s) could therefore be proteins involved (i) in TG synthesis, possibly acting as a partitioning orientator, such as DGAT(s) [51, 56] , MGAT(s), TG hydrolase [52, 57] , (ii) in membrane budding, such as flippases [58] , and/or (iii) in vesicular trafficking, such as rab proteins that have been found associated with cytosolic lipid droplets [59] . Furthermore, the activity of the candidate protein may be sensitive to verapamil [38] .
In conclusion, we have shown that Caco-2 cells modulate the TG partitioning between the cytosol and the ER lumen, depending on the nutrient supply. During the post-prandial period, the transient cytosolic lipid droplet accumulation that can be observed in enterocytes may represent a way for enterocytes to regulate TRL secretion as a function of time after a meal, and thus be relevant to post-prandial hypertriglyceridaemia, a risk factor in the development of atherosclerosis [60] . Our model, in which TG partitioning is modulated by a differential glucose supply, will help in identifying the proteins involved, and in making progress in the understanding of the mechanisms controlling the balance between TRL assembly and cytosolic lipid storage.
